The effect of the backing layer thickness on adhesion was investigated for single-level elastomer fibrillar adhesives. Polyurethane microfiber arrays with spatulated tips on a 160 m thick backing layer show nine times greater adhesion strength ͑around 22 N / cm 2 ͒ than those with a 1120 m thick backing. A theoretical model is proposed to explain this difference in which very thin backing layers promote equal load sharing, maximizing adhesion, while very thick backings can lead to reduced adhesion due to edge stress concentration. Therefore, backing layer thickness should be considered as a significant parameter for design of high performance fibrillar adhesives. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2801371͔
In recent years, the adhesion of biologically inspired fibrillar dry adhesive has been studied extensively in combination with developments of various fabrication methods. Based on dominant forces of van der Waals 1 and possibly capillary 2 forces, vertical cylindrical micro/nanofiber arrays 3 were proposed as fibrillar adhesives at first. Design parameters for these fibers were proposed as the fiber radius, aspect ratio, 4 tip shape, 5 and material properties. 6 Inspired by footpads of various animals in nature such as insects and geckos, spatulated tips on single-level cylindrical, 7, 8 angled 9 and hierarchical 10, 11 fibers were introduced for developing high performance fibrillar adhesives. In addition, one of the recent findings demonstrates that the real contact perimeter is a more important geometrical factor governing adhesion than the real contact area. 12 However, the role of backing layer thickness on adhesion has not been investigated in detail so far. This paper studies the backing layer thickness effect on adhesion of elastomeric single-level microfiber structures. Although a thick backing layer improves the roughness adaptation and fiber contact abilities due to increased effective compliance, this study shows that a thick backing layer could reduce the macroscale adhesion of the fibers on smooth surfaces significantly.
We measured the pull-off force of single-level elastomer fiber array samples with different backing layer thicknesses and developed a theoretical model to explain the observed results. Polyurethane ͑ST-1060, BJB Enterprise͒ fiber array samples with spatulated tips are fabricated using the procedure reported in our previous work. 7 Briefly, we first fabricate negative silicon fiber array templates using deep reactive ion etching. Liquid polyurethane is filled into these silicon negative templates and cured. The silicon templates are then etched using XeF 2 , and the fibers are released. The final backing layer thickness of each sample is determined by regulating the gap between the negative template and a glass slide on it.
All fiber arrays in our samples have a stem diameter of around 5 m and a tip and base support diameter of 9 m. The total length of a fiber is 20 m and the minimum spacing between fiber centers is 12 m as displayed in Fig. 1͑a͒ . A custom tensile setup was built to measure the adhesion of our samples. Our measure of adhesion in this work is the pull-off load. A silicon disk with 0.43 mm radius and nanometer scale surface roughness was fabricated by patterning a polished silicon ͑100͒ wafer using optical lithography and deep reactive ion etching. The silicon disk was attached to a load cell ͑Transducer Techniques, GSO-25͒, and moved vertically by a motorized stage ͑Newport, MFA-CC͒ with 100 nm resolution. The disk was contacted to and retracted from the fiber array sample with specified preload forces and a slow speed ͑1 m/s͒ to minimize viscoelastic effects. The maximum pull-off force was recorded. In addition, the contact area and the deformation of fiber array during loading and unloading was recorded using a camera ͑Dage-MTI, DC330͒ attached to an inverted optical microscope ͑Nikon, Eclipse TE200͒.
Adhesion of four samples with 160, 280, 630, and 1120 m backing layer thicknesses was measured and is shown in Fig. 1͑b͒ . Pull-off forces were measured at five different locations on each fiber array for a preload of 10 mN. The sample with the thinnest backing layer ͑160 m͒ showed the highest adhesion, with average pulloff force about nine times greater than that of the 1120 m layer.
Our interpretation of this surprising finding, that reduced compliance enhances adhesion, lies in the idea that a thinner backing layer promotes equal sharing of the load by the fibers. As shown schematically in Fig. 2͑a͒ , if a displacement ␦ were applied to three fibers on an infinitesimally thin backing layer, each one would experience the same vertical tension F y1 . If the fiber pulled-off at a characteristic force F f = k f ␦ f , where k f is the stiffness of the fiber and ␦ f is the fiber elongation at pull-off, then the pull-off force of the system would be 3F f . If the thin layer were replaced by a very thick 
where F B is the additional force required to keep the tip attached to the disk due to nonuniform deformation of the backing layer. Because the backing layer is elastic, F B = ␣k f ␦ for some positive ␣. The two fibers on the side will pull-off when k f ␦ + F B = F f and the total force at pull-off would be ͑3−␣͒F f .
To quantify this idea for a large number of fibers in contact, we note that the spacing of the fibers are typically very small in comparison with the contact radius a and the thickness of the elastic layer h. Hence, we can treat these fibers as a foundation consisting of elastic springs between the rigid indenter and the backing layer. The foundation can support a normal stress , which is related to the displacement of foundation, d by = kd where k is the stiffness of the foundation. Note that d is the difference in normal displacement between the surface of the indenter and the backing layer. The stiffness can be determined by assuming that the fibers are bars with height L and effective cross-sectional area The maximum pull-off force occurs in the equal load sharing ͑ELS͒ regime, where all the fibers in adhesive contact with the indenter bear the same load. To see how ELS depends on the backing layer thickness and the contact area, assume that all the fibers in contact are in this regime, so at pull-off, we have f = k␦ f . ͑1͒
In the ELS limit, the maximum pull-off force F max is directly proportional to the contact area,
where a is the radius of the disk. The ELS limit is strictly valid if the backing layer thickness h is very small compared to a. Another limit is a very thick backing layer with very stiff fibers, that is, when h / a → ϱ and ␣ ϵ ka /2G is very large where G is the shear modulus. In this limit, the interfacial displacement is dominated by the deformation of the elastic layer and the stress distribution is given by the classical solution of a rigid punch in contact with a half space. 13 The normal stress at the punch edge has a square root singularity characteristic of an opening crack. For ␣ ӷ 1 and h / a ӷ 1, the pull-off force F ad in this limit can be derived as
.
͑3͒
This equation shows that, given F max , the maximum extent of strength reduction can be predicted. The data in Fig. 1͑b͒ show a decrease in pull-off force with increasing thickness. Theoretically, in the limit of very small thickness, pull-off force should asymptotically approach the ELS limit, which depends on the unknown fiber pull off stress f . In this limit, the pull-off load is significantly affected by variability in f . This is reflected in the scatter of the pull-off force data associated with the sample with the smallest h / a. The theoretical problem of determining pull-off forces as a function of ␣ and h / a is more involved and will be addressed in a future work. Here, we consider the simpler problem of establishing a necessary condition for ELS. The basic idea is as follows: if all the fibers bear the same stress at pull-off, then the traction acting underneath the punch is uniform and given by Eq. ͑1͒. However, this uniform stress will induce a spatially nonuniform vertical displacement w, thus violating the assumption that all the fibers underneath the flat punch are stretched by the same amount, unless the induced surface displacement is much smaller than the stretch of the fibers. The surface displacement w͑r͒ inside the contact zone, r Ͻ a, due to a uniform normal traction f acting on it can be obtained using the theory of elasticity. The complete calculation will be reported elsewhere, here we state the result, 
where x = h / a. Thus, the necessary condition for ELS is ⌬w ϵ w͑r = 0͒ − w͑r = a͒ Ӷ ␦ f .
͑6͒
Using Eqs. ͑1͒ and ͑4͒, this condition can be expressed in terms of a single dimensionless parameter,
where
Thus, the condition of ELS depends only on ␤ which incorporates the effects of geometry and material properties. The function H, which measures how the deformation of the backing layer reduces with diminishing thickness, is plotted in Fig. 3 . It is a monotonically increasing function of h / a. It can be shown that
For a given contact area, Eq. ͑10͒ implies that the pulloff force will approach its maximum ͓given by Eq. ͑2͔͒ as h / a decreases. Using the result in Fig. 3 and ␣ = 5.1, the values of ␤ for the four samples in Fig. 1͑b͒ are 0.10, 0.45, 1.40, and 1.74, respectively. The minimum value of ␤ for these four samples is 0.1, which is considerably less than 1. According to Eq. ͑7͒, the condition of ELS should be satisfied and the pull-off strength should be governed by the variability of the fiber attachment strength. Our data support this conclusion.
In summary, polyurethane microfiber arrays with spatulated tips on 160 m thick backing layer show adhesion strength ͑around 22 N / cm 2 ͒, nine times greater than fiber arrays with thickness of 1120 m. A theoretical model is proposed to explain this difference in which very thin backing layers promote equal load sharing, maximizing adhesion. In the other extreme, very thick backings can lead to reduced adhesion, because of edge stress concentration similar to a rigid punch in adhesive contact with a half space. This work shows the significance of backing layer thickness on equal load sharing of single-level microfiber arrays on smooth surfaces. Effect of the backing layer thickness on adhesion for hierarchical multilevel elastomer fibers is a future work.
